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A novel genetic locus linked to pro-inflammatory
cytokines after virulent H5N1 virus infection in
mice
Adrianus CM Boon1*, Robert W Williams3, David S Sinasac4 and Richard J Webby2

Abstract
Background: Genetic variation in the human population is a key determinant of influenza disease severity. A single
nucleotide polymorphism in the antiviral gene IFITM3 was linked to outcomes during the 2009 H1N1 pandemic. To
identify variant host genes associated with increased virus replication and severe disease, we performed a
quantitative trait locus analysis on pro-inflammatory cytokine production 48 hours after intranasal infection with
highly pathogenic H5N1 influenza virus.
Results: Pro-inflammatory cytokines CCL2, TNFα and IFN-α, were measured by ELISA in lung homogenates of DBA/
2J (D2), C57BL/6J (B6) and 44 different BXD recombinant inbred mouse strains. Virus titer was also assessed in a
subset of these animals. CCL2 (8-fold), TNFα (24-fold) and IFN-α (8-fold) concentrations varied significantly among
the different BXD RI strains. Importantly, cytokine concentration correlated very well (r =0.86-0.96, P <0.0001) with
virus titer suggesting that early cytokine production is due to increased virus infection and replication. Linkage
analysis of cytokine concentration revealed a significant locus on chromosome 6 associated with differences in
TNFα, IFN-α and CCL2 cytokine concentration (LRS =26). This locus accounted for nearly 20% of the observed
phenotypic variation in the BXD population studied. Sequence and RNA expression analysis identified several
candidate host genes containing missense mutations or deletions; Samd9l, Ica1, and Slc25a13. To study the role of
Slc25a13, we obtained Slc25a13 knockout line, but upon challenge with H5N1 influenza virus observed no effect on
CCL2 production, or morbidity and mortality.
Conclusion: A novel genetic locus on chromosome 6 modulates early pro-inflammatory cytokine production and
virus replication after highly pathogenic influenza virus infection. Candidate genes, Samd9l and Ica1, may be
important for the control of influenza virus infection and pathogenesis.
Keywords: H5N1 influenza virus, BXD, Quantitative trait locus analysis

Background
Severe respiratory and systemic disease caused by human
infection with avian H5N1 influenza virus is characterized
by high viral load and increased production of proinflammatory cytokines, which if left untreated, often results in
death [1,2]. Epidemiological studies of outbreaks of the
highly pathogenic H5N1 virus in Asia suggest that human
genetic polymorphisms influence disease severity [3,4].
More recently a single nucleotide difference in the antiviral
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IFITM3 gene was associated with hospitalization and more
severe disease after the pandemic H1N1 influenza infection [5].
Pathogenesis after influenza virus infection is the result
of a complex interaction between the virus, immunity, and
environment [6-8]. The early events after infection are
critically important for the progression and outcome of
the disease [9,10]. Lack of virus neutralizing antibodies or
genetic variation in the virus [10] or the host [11] can increase early virus replication and over-stimulate the innate
immune response creating a pathogenic host response.
The inflammatory environment associated with a pathogenic response can blunt the adaptive immune response
[10] and promote virus replication through recruitment of
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susceptible cells [12]. Identifying the viral and host genetic
determinants that contribute to alterations in early replication and ensuing host response is important for the control of pathogenesis and the identification of targets for
the design of novel therapeutics. Forward genetic studies
in mice have identified several genetic factors that contribute to survival after infection [13-16], but few have studied
the very early host response after infection [15].
Infections with H5N1 and H7N9 are highly pathogenic
and cause severe morbidity and mortality. To identify host
genes and gene polymorphisms critical for the differences
during the early stages of H5N1 disease we have performed a QTL analysis on genetically diverse strains of
mice looking at the production of pro-inflammatory cytokines CCL2, TNF-α, and IFN-α, 48 hours post infection.
We identified a single genetic locus on chromosome 6
containing several polymorphisms associated with an
acute increase in the production of pro-inflammatory cytokines. The identification of this locus and several intriguing candidate genes suggests that the host cytokines
response early after infection is due to a limited number
of genetic polymorphism.
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Results
Differences in pro-inflammatory cytokine production
among mouse strains

Genetically diverse mice vary greatly in response to influenza virus infection and we think this is the result of higher
virus replication in the first 24–72 h after inoculation. The
increase in viral titers in the lungs of susceptible strains,
such as D2, leads to the increased production of proinflammatory cytokines compared to resistant strains, such
as B6 [11,13]. To understand the genetic and molecular
basis for this difference in host response and early viral
load, we quantified inflammatory host response 48 hours
after inoculation with 104 EID50 of an H5N1 virus (HK213).
This time point coincided with peak viral replication [13]
and the earliest point at which we can reliably measure the
production of IFN-α (Additional file 1: Figure S1). To quantify the inflammatory response after HK213 infection we
measured titers of CCL2, TNFα and IFN-α in whole lung
homogenates. Compared to mock-infected animals the
concentration of CCL2, TNFα, and IFN-α increased significantly (P <0.0001, Figure 1) in both parental strains after
inoculation. More importantly, levels of CCL2, TNFα, and

Figure 1 Increased concentration of CCL2, TNFα, and IFN-α in lung homogenates of A/Hong Kong/213/03 H5N1 virus infected DBA/2J
mice. (A) DBA/2J (D2) and C57BL/6J (B6) were inoculated with 104 EID50 of HK213 virus (+) or mock-inoculated (-) in 30 μl PBS. Forty-eight hours
post inoculation the lungs of the inoculated animals were collected, homogenized in sterile PBS, and stored at -80°C. The concentration of CCL2,
TNFα, and IFN-α in these homogenates was quantified by ELISA. The average cytokine concentration (pg/ml ± standard error of the mean) of
CCL2, TNFα and IFN-α is shown for mock-infected (n =4, single experiment), C57BL/6 (n =13 from 4 different experiments), and DBA/2J (n =15
from four different experiments). *** is P <0.0001. (B) Significant association between CCL2, TNF-α, and IFN-α concentration and lung virus titer
48 hours post inoculation with 104 EID50 of HK213 virus in B6, D2 and BXD recombinant inbred mouse strains (P < 0.0001 for all three cytokines).
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IFN-α were significantly higher in D2 compared to B6
(P <0.001 for all three cytokines), confirming our previous studies suggesting that early cytokine levels correlate with virus titer.
To evaluate this further we quantified the lung virus
titer as well as the CCL2, TNFα, and IFN-α concentration in 12 different BXD RI mouse strains (Figure 1B) 48
hours post inoculation. Correlation analysis revealed a
highly significant association between lung virus titer
and TNF-α (r =0.96, P < 0.0001), CCL2 (r =0.86, P <
0.0001), and IFN-α concentration (r =0.88, P <0.0001) at
48 hours post inoculation.
Identification of candidate genomic loci associated with
increased levels of pro-inflammatory cytokines

The concentrations of TNFα, CCL2 and IFN-α in the
lungs of HK213 infected BXD RI mice ranged from 11-269
pg/ml, 728-6128 pg/ml, and 127-982 pg/ml respectively
(Figure 2 and Additional file 2: Table S1). Interestingly, several BXD strains produced equally low amounts of CCL2,
TNFα, and IFN-α as the parent B6. In contrast, none of
the BXD strains produced similarly high levels of cytokines
as the D2 parent, suggesting that the high cytokineproducing phenotype of D2 had reached a maximum
asymptote dependent on the cumulative effects of several
sequence variants. Regression analysis identified a highly
significant correlation between CCL2 and TNFα (r =0.82,
P <0.0001), CCL2 and IFN-α (r =0.78, P <0.0001), and
TNFα and IFN-α (r =0.81, P <0.0001) concentrations in
lung homogenates, suggesting a common mechanisms
modulating levels of cytokine production among BXD
strains.
QTL analysis on cytokine profiles identified a highly
significant locus located on chromosome 6 between 3.4
Mb and 14.5 Mb (Figure 3). This locus, Qivr6.1, is associated significantly (P-genome wide <0.05) with the
amount of TNFα (peak LRS =25) and IFN-α (peak
LRS =27) produced 48 hours after intranasal infection
with HK213. Qivr6.1 also accounts for variation in the
concentration of CCL2 in lung homogenates, albeit at a
lower level of significance (peak LRS =17). In general,
Qivr6.1 accounted for ~18% of the phenotypic difference
in cytokine levels among BXD strains and the D2 allele
increased the trait value. Winsorization of the data confirmed the genetic association for Qivr6.1. In addition to
the highly significant locus on the proximal part of
chromosome 6, we also identified a suggestive locus
(Qivr6.2) for TNFα and CCL2 on the distal portion of
chromosome 6 between 81 and 89 Mb (peak LRS =15).
Another suggestive locus was identified for IFN-α and
CCL2 on chromosome 13 (Qivr13) between 103.2 and
107.2 Mb (peak LRS =16). Finally, TNFα concentrations
associated significantly with a locus on chromosome 1
(Qivr1) between 154.5 and 160.6 Mb (peak LRS =17).

Figure 2 CCL2, TNFα, and IFN-α concentration in lung
homogenates of BXD recombinant inbred mouse strains.
Forty-four different BXD RI mouse strains (derived from DBA/2J and
C57BL/6) were infected with 104 EID50 of HK213 influenza virus in 30 μl
PBS. Forty-eight hours post inoculation the lungs of the inoculated
animals were collected, homogenized in sterile PBS, and stored at -80°C.
The concentration of CCL2, TNFα, and IFN-α in these homogenates was
quantified by ELISA. The average cytokine concentration (pg/ml ±
standard error of the mean) of CCL2 (A), TNFα (B) and IFN-α (C) is shown
for each BXD RI strain (black bars) and the parent strains (DBA/2J
(white bar) and C57BL/6 (grey bar)). The average cytokine concentration
for each BXD strain was calculated from 2-10 animals (average =5.2) and
36% of the BXD strains have been repeated independently.

Identification of candidate genes in Qivr6.1

To identify the genetic polymorphisms and host genes
that are responsible for the difference in production of
pro-inflammatory cytokines after HK213 virus infection,
we queried available sequence information for genetic
polymorphisms between 3–16 Mb on chromosome 6.
Three genes—Samd9l, Slc25a13, and Ica1—contain nonsynonymous SNPs, and one gene—Col28a1—has a large
in-frame deletion spanning three coding exons (exon
16 through 18 in NM_001037865.1) the D2 genotype
(Table 1). All four genes are expressed in HK213-infected
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Figure 3 Genome-wide linkage analysis CCL2, TNFα, and IFN-α production after H5N1 virus infection. QTL analysis (www.genenetwork.org) was
performed on the CCL2 (A), TNFα (B), and IFN-α (C) cytokine concentrations in homogenates of lungs 48 hours after infection with HK213 H5N1 influenza
virus. QTL associated with increased CCL2, TNFα, and IFN-α concentration after infection with HK213 virus (Qivr6.1) was identified on chromosome 6 (3.4 14.5 Mb) as indicated by an LRS score of more than 17.7 (pink horizontal line in QTL plot). A second QTL associated with increased TNFα concentrations
was located on chromosome 1 (Qivr1, 154.5 - 160.6 Mb). This same locus also reached suggestive P-values for IFN-α. Suggestive loci were also found for
CCL2 and TNFα on chromosome 6 (Qivr6.2, 81 - 89 Mb) and for IFN-α and CCL2 on chromosome 13 (Qivr13, 103.2 - 107.2 Mb. Pink line denotes significant
linkage (genome-wide P <0.05, LRS >17.7) and grey line indicates suggestive linkage (LRS >12). For this study we focused on suggestive loci that were
nearly significant and identified in two or more pro-inflammatory cytokine QTL analysis.
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Table 1 Missense mutation analysis across multiple inbred mouse strains
Gene

SNP

DBA/2J

129/SvImJ

A/J

SM/J

C57BL/6J

Balb/cJ

Samd9l

V169I

I

I

I

I

V

I

I459V

V

V

V

V

I

V

Slc25a13

V583A

A

V

V

V

V

V

Ica1
Col28a1

1

A648T

T

A

A

nd

A

A

A312T

T

T

T

T

A

A

Q397R

R

R

R

R

Q

Q

Deletion*

Del

−2

Del

-

-

-

*Based on two flanking non-synonymous SNP (rs30133088 at position 312 and rs30660613 at position 602). 1 nd = no data available. 2 = similar to wild
type C57BL/6.

lung tissue of D2 and B6 strains and we confirmed these
mutations by sequence analysis of PCR products using
gene-specific primers and RNA extracted from HK213infected lung tissue from D2 and B6 (see Additional file 3:
Table S2 for primer sequences). In addition to these candidate genes, we also performed Sanger sequencing on
Pon1, Pon2, Pon3, Hepacam2, Cdcc32, Asb4, and C1galt1
because of their potential to affect cytokine production or
alter influenza virus infection. The reported single nucleotide polymorphisms in Samd9l (rs30759164 (V169I) and
rs30516773 (I459V)), Slc25a13 (rs32512230 (V583A) and
rs30695207 (A648T)), and Ica1 (rs51311141 (A312T) and
rs6218746 (Q397R)) were confirmed by sequencing. Similarly, we also confirmed the in-frame 69 amino-acid deletion in Col28a1 in the D2 genotype. No additional
missense or nonsense polymorphisms or deletions and insertions were identified between D2 and B6 in the coding
region of any of the other seven host genes that were
targeted for sequencing.
Next, we evaluated the missense polymorphisms across
several other inbred strains of mice that were previously
characterized for their response to influenza virus (Table 1)
[5]. The missense mutations in Samd9l and Slc25a13 were
unique to B6 and D2 strains respectively. In contrast the
genetic differences in Ica1 segregated well between resistant and susceptible mouse strains. The exception was SM/
J whose genome harbored the susceptible missense mutations in Ica1. The presence of the 69 amino-acid deletion
in Col28a1 was also present in the A/J strain of mice, but
not in the susceptible 129/SvImJ or the resistant mouse
strains.
RNA expression analysis of candidate genes in Qivr6.1

Using previously published RNA expression data [13]
from lungs obtained from D2 and B6 mice infected with
H5N1 influenza virus, we identified 41 host genes within
Qivr6.1 that were detected by microarray in the context of
uninfected or H5N1 IAV infected lung tissue. These included the three polymorphic host genes Samd9l, Ica1
and Slc25a13, but not Col28a1. A comparison of baseline
RNA expression identified 5 host genes whose expression

levels were significantly different (P <0.01), albeit the difference was less than 2-fold. These included Ica1, Col1a2,
Calcr, Tfpi2 and Bet1. One probe (1431380_at), detecting a
transcript located within an intron of Ica1, was detected
only in B6 animals. Within the locus we also identified host
genes whose expression increased (Samd9l, Asns, Gpr85,
and Tfpi2) or decreased (Pon1, Hepacam2, Tmem106b,
and Pppr9a1) 2-fold (P < 0.05) 72 hours after infection with
H5N1 IAV in D2, B6 or both mouse strains. Importantly
we did not identify a transcript that was differentially
expressed only in D2 or B6 mice suggesting that there are
no sequence polymorphisms in important transcription
factor binding sites.
Finally, we evaluated available lung micro array data
from the QTL gene-network website, correlating TNF-α
cytokine levels 48 hours after H5N1 IAV infection with
basal gene expression in 37 BXD mouse strains [17]. Interestingly, Ica1, Samd9l, Tfpi2 and Calcr correlated well
(Spearman Rank order correlation >0.4 or < -0.4, P < 0.01)
with TNF-α cytokine concentration in these mice.
Role of Slc25a13 on cytokine production and
pathogenesis after H5N1 infection

Citrin (the protein product of Slc25a13) is a member of
the mitochondrial carrier family of proteins and catalyzes
the calcium-dependent exchange of cytoplasmic glutamate
with mitochondrial aspartate across the mitochondrial
inner membrane [18-20]. Mutations in this gene result in
adult-onset type II citrullinemia (OMIM 605814) and neonatal intrahepatic cholestasis caused by citrin deficiency
(OMIM 603471) that lead to distinct and overlapping
effects on hepatic function through its role in urea cycle
function [21]. Because citrin was previously reported to
interact with the PA polymerase protein of influenza A
virus [22] and a gene-knockout mouse was available we
decided to test the hypothesis that Slc25a13 controls the
level of cytokine production. Therefore we predicted that
the absence of this gene would increase cytokine production upon HK213 infection. To control for the appropriate
genetic background we used BALB/cAnCrl as controls for
the Slc25a13-/- knockout mice congenic on the BALB/
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cAnN background. Compared to HK213 infected control
animals, the Slc25a13-/- animals produced equal amounts
of CCL2, suggesting that the lack of Slc25a13 expression
did not affect H5N1 induced inflammation (Figure 4A).
With respect to disease severity, we monitored weight loss
and mortality over a 15 day period after inoculation with
105 or 106 EID50 of HK213 virus. No effect of Slc25a13
gene expression on morbidity (Figure 4B) or mortality
(data not shown) was observed.
Potential role for Samd9l, Ica1 and Col28a1 in influenza
virus infection and pathogenesis

Here we have identified a highly significant and novel
locus on the extreme proximal portion of chromosome 6

Figure 4 Effect of Slc25a13 gene expression on H5N1 influenza
virus pathogenesis. (A) Slc25a13-deficient mice (Slc25a13-/-) and
control animals were inoculated with 105 HK213 virus for 48 hours
and the amount of CCL2 produced in the lungs was measured by
ELISA. The results are from 5 mice per group and are representative
of two experiments. (B) Slc25a13-/- mice (circles, n =7) and control
animals (triangles, n =9) were infected with 105 (filled symbols) or
106 (open symbols) EID50 of a highly pathogenic H5N1 influenza A
virus (A/Hong Kong/213/03 (HK213)) and weight-loss was monitored
for 15 days.
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(Qivr6.1) that harbors three candidate genes associated
with increased inflammation early after H5N1 IAV infection. Samd9l is a Sam domain containing protein with
similarities to SAMD9 which has been shown to be important during virus infection and innate immunity [23].
Samd9l is expressed in many different tissues including
lung [24] and is upregulated by type I interferon. Knockdown of Samd9l expression increases West-Nile virus
replication [25], although the mechanism is unknown.
Samd9l knockout mice are characterized by a delay in
homotypic endosome fusion resulting in persistence of
ligand-bound cytokine receptors [26]. IAV enters cells via
the endosomes requiring low pH to trigger membrane
fusion and deposition of its genomic material into the
cytoplasm. If Samd9l is important for the trafficking, maturation and acidification of the endosome, it may act as an
antiviral host gene against IAV infection. Interferon induced transmembrane protein 3 (IFITM3) is a host protein with potent antiviral activity. IFITM3 blocks entry of
many difference viruses, including influenza, at the stage
of membrane fusion in the endosome. Deletion of Ifitm3
in C57BL/6 mice resulted in increased virus load in the
lungs and increased morbidity and mortality after influenza virus infection [27]. While there are no nonsynonymous polymorphisms in the Ifitm3 protein between
the D2 and B6 mice, the increase in viral load and associated disease in Ifitm3-/- mice is similar to the phenotype
observed in D2 mice. An alternative hypothesis is that
Samd9l affects the persistence of ligand-bound cytokine
receptors which may increase cytokine signaling and
inflammation which in turn results in more recruitment of
inflammatory cells and virus infection [12]. Although two
non-synonymous amino-acid changes at position 169 and
459 in the BXD family are predicted to have minimal
effect on protein activity (SIFT prediction program), the
reported antiviral activity of Samd9l against another RNA
virus [25] and its effect on endosome function make
Samd9l our priority candidate gene.
Ica1 is another candidate gene. This islet cell auto antigen that is the target of auto antibodies in type I diabetes
and Sjögren’s syndrome [28]. ICA1 was also identified in a
GWAS looking at genetic modifiers of glaucoma [29]. Ica1
together with Pick1 localizes to the trans-Golgi network
(TGN) and is involved in the regulation of secretory
vesicle trafficking [30,31]. Ica1 is highly expressed in nervous, glandular and muscle tissue and to a lesser extend in
other tissues such as the respiratory tract. Differences in
Ica1 protein structure or expression can affect the sympathetic nervous system activity and neuropeptide secretion
altering the host response to infection [32-34]. Changes in
vesicle trafficking may also alter mucus or antibody production reducing innate immune defenses to the virus and
allowing for enhanced replication and increased cytokine
production. Ica1 could potentially affect the virus-encoded
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matrix 2 (M2) ion channel activity in the TGN to neutralize
the acidic pH of the TGN in order to prevent activation of
HA to its fusogenic form. This activity activates NLRP3
resulting in the formation of the inflammasome, cleavage of
pro-IL-1β [35,36] and increased inflammation. Finally, Ica1
may alter the replication kinetics of IAV by changing intracellular trafficking of TGN-associated vesicles required for
trafficking of the viral glycoproteins HA and NA to the
surface of the cells. Interestingly the amino acid residue at
position 312 in the C57BL/6J strain was predicted to be
damaging (SIFT functional polymorphism prediction program), suggesting that the Ica1 allele in DBA/2J mice may
enhance virus replication.
Finally, Col28a1 is a von Willebrand factor A domaincontaining protein with many imperfections in the collagenous domain [37]. The 69 amino acid deletion spans
one of the many collagen triple helix repeat domains of
the protein and it is not clear how this affects protein
activity. Interestingly, Col28a1 contains a serine protease
inhibitor domain, which could be important in reducing
inflammation or virus infection [38]. A polymorphism in
COL28A1 was associated with the cytokine response to
smallpox vaccination [39].

Discussion
Morbidity and mortality after influenza virus infection is
affected by genetic variation of important host genes.
Identification of the polymorphism and affected host
genes will provide significant insight into the pathogenesis after influenza virus infection. In order to identify
host genes with important effects on influenza pathogenesis, we performed a quantitative trait locus analysis
on genetically diverse mouse strains comparing the early
inflammatory response after H5N1 virus infection. This
analysis identified a highly significant H5N1 control
locus (LRS 26) on the extreme proximal part of mouse
Chr. 6 that is homologous to a 5 megabase interval on
human Chr. 7p22 and 7q21 respectively.
Severe disease after influenza virus infection is mediated
by both host and viral factors and many studies suggest
that viral load and rapid replication are the determining
factor for the outcome of the disease. These findings are
supported by potent effects of neutralizing antibodies at
early time points and the relatively short period of time
(48 hours) in which treatment with antiviral therapeutics
is considered most effective. In contrast to these studies,
several others suggest that inflammation is independent of
viral load and caused by underlying illnesses, or differences
in viral protein function, essentially changing the host
response to infection from protective (disease prevention)
to pathogenic (disease promoting). Interferon antagonist
functions of NS1 or the endonuclease function of PA-X
are important examples of this process [40]. This view is
supported by studies using immune-modulatory agents,
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like peroxisome proliferator-activated receptor-gamma
agonist, lipid mediators or sphingosine-1-phosphate receptor agonists that reduce inflammation without changing the viral load [41-43]. More recently it was reported
that inflammation itself is promoting virus replication by
recruiting cells to the site of infection allowing the virus to
grow to higher titers [12]. While many of these findings
are not mutually exclusive, our model using different inbred mouse strains favor the explanation that elevated
virus replication and infection are inducing the increase in
inflammatory response and subsequent excessive mortality
in the susceptible mouse strains. We now provide additional evidence that inflammation and virus titers correlate significantly (P < 0.0001) across a subset of BXD RI
lines with correlation coefficients between 0.86 and 0.96.
A major advantage of using inflammatory cytokines as
a biomarker for viral load is availability of commercially
available and validated assays and the increased dynamic
range between the different mouse strains. Although we
observed a 50-fold difference in viral titers between D2
and B6 parental strains, on a logarithmic scale this difference is much smaller (1.4-fold). In contrast, the cytokine data is presented on a linear scale greatly increasing
our dynamic range between the B6 and D2 animals
while maintaining large fold differences in cytokine concentrations between D2 and B6. Thus a QTL analysis
with cytokine concentration as the phenotype is more
sensitive and likely to yield loci containing genetic polymorphisms involved in virus replication or antiviral activity. Although we provide evidence that inflammatory
cytokine concentration in lung homogenates can be used
as a surrogate biomarker for viral load between different
mouse strains, extensive validation in nasal washes or
serum from human patients infected naturally or experimentally with influenza virus needs to be done before
this can be used in clinical specimens.
Several loci and polymorphisms have been associated
with resistance to influenza virus disease using a variety of
different genetic mouse models. BXD RI strains were used
to identify genetic loci (Qivr or quantitative trait for influenza virus resistance) on chromosomes 2, 5, 7, 16, 17 and
19 [13,15]. The collaborative cross, which includes B6 but
not the D2 mouse strain, was used to identify four different “host response to influenza” virus loci (HrI) located on
chromosomes 1, 7, 15, and 16 [16]. Finally, BXA/AXB
strains were used to map loci on chromosome 2, 4, 6, and
17 associated with more severe influenza virus infection
[14]. The loci reported in this study have not been identified previously despite the repeated use of BXD strains.
Differences in phenotype, from very early (inflammation
48 hours after infection) to late (survival), and choice of
mouse and virus strains will identify different genetic polymorphisms. The current study identified several other loci
associated with increased production of pro-inflammatory
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cytokines after H5N1 influenza virus infection. The locus
on chromosome 1 (Qivr1), associated with increased levels
of TNFα, contains a well-known host antiviral gene ribonuclease L (Rnasel). The presence of at least sixteen different missense mutations between B6 and D2 (including
three that are predicted damaging) make this gene a likely
candidate. Qivr13 contains four host genes harboring nonsynonymous polymorphisms including Erbb2ip, a regulator
of Nod2-dependent NF-kappaB signaling, and a member
of the nuclear importin family (Ipo11). Finally Qivr6.2 contains several polymorphic host genes including Mxd1 and
Anxa4.
To identify candidate genes we focused primarily on
sequence variation that affects the protein (non-synonymous polymorphisms). However sequence variation
in regulatory regions of the gene, such as transcription
factor binding sites or micro-RNA target sites, can
change the level of protein expression and as such
impact virus infection and inflammation. At least for
Qivr6.1, we did not observe large differences (>2-fold) in
baseline expression of host genes nor did we identify
lack of induction of host genes in the susceptible D2
strain. Therefore we consider it unlikely that sequence
variation in regulatory or non-coding regions of the
genes present in this locus is causing the difference in
phenotype.
Slc25a13 was one of four candidate genes within the
Qivr6.1 locus associated with increased cytokine production following H5N1 IAV infection. However, mice lacking this gene did not demonstrate a change in cytokine
production, suggesting that Slc25a13 is not the host
gene whose polymorphism affected the early innate immune response. Previously, Slc25a13 was found to associate with the PA gene of a related highly pathogenic
H5N1 influenza virus (A/Vietnam/1203/04) [22]. The
absence of this interaction in the Slc25a13-/- had no discernable effect on the host response or pathogenesis
in vivo. Alternatively the effects of Slc25a13 gene deletion vary between mouse strains. We tested the effect of
Slc25a13 on a Balb/cAn genetic background that is
different from both parental strains used to generate the
BXD family. It is feasible that the deletion of Slc25a13 in
C57BL/6J or DBA/2J mice would change the cytokine
profile after H5N1 virus infection. Deletion of the
Slc25a13 gene was previously reported to have variable
effects on metabolism dependent on the genetic background of the mouse strains [44]. Alternatively, the deletion of Slc25a13 may not mimic the effects of the
genetic changes found in the D2 strain. The amino-acid
changes may have altered gene function that is not
captured in the Slc25a13 knockout mouse strain.
In conclusion, gene polymorphisms in the genome of
the infected host can have a profound impact on the
course of an H5N1 influenza virus infection. Although
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severe disease outcomes are often attributed to inflammation with excessive production of proinflammatory
cytokines, the pathogenicity of influenza infection is
rooted in increased virus titers in the lungs of the
susceptible hosts.

Conclusions
Severe disease after influenza virus infection is associated with excessive production of inflammatory cytokines and recruitment of innate immune cells into the
infected tissue. An increase in dose or enhanced virus
replication contributes to the excessive production of inflammatory cytokines. Identification of host-factors that
facilitate virus replication and pathogenesis is important
for the discovery of host targets for the development of
novel antiviral therapies.
In this report we provide further evidence that excessive
production of inflammatory cytokines is due to higher
virus loads. We also show that pro-inflammatory cytokine
production following infection with highly pathogenic
H5N1 influenza virus is dependent on the genetic background of the mouse strain. Quantitative trait locus analysis identified a locus on chromosome 6 that is associated
with early production of pro-inflammatory cytokines and
increased virus replication in BXD recombinant inbred
mouse strains. Expression and coding sequence analysis
identified Samd9l and Ica1 as strong candidate genes in
this locus.
Methods
Mouse strains and influenza virus

Female DBA/2J (D2, stock no. 000671) and C57BL/6J (B6,
no. 000664) mice were purchased from the Jackson
Laboratory (Bar Harbor, ME) and housed at St Jude
Children’s Research Hospital, Memphis, TN, USA. Female
BXD recombinant inbred (RI) mouse lines derived from
crosses between B6 and D2 stock were acquired from Oak
Ridge National Laboratory (ORNL, Oak Ridge, TN). Mice
deficient in citrin (Slc25a13tm1Lct), congenic on a BALB/
cAnN genetic background, were obtained from the
Jackson Laboratory [45]. These mice were originally described by Dr. David Sinasac as an animal model for type
II citrullinemia. Suitable control animals, BALB/cAnNCrl
(no. 028), were obtained from Charles Rivers Laboratories.
All mice were between 6 and 10 weeks of age. Infection
studies in mice were conducted under the approval of the
SJRCH Institutional Animal Care and Use Committee.
A highly pathogenic H5N1 influenza A virus was created
by reverse genetics as described previously [46,47]. The
virus contains seven gene segments of A/Hong Kong/213/
2003 H5N1 virus and the PB1 gene segment from A/
Chicken/Hong Kong/Y0562/2002 H5N1 virus. This highly
pathogenic H5N1 virus, referred to as HK213, was also used
in a previously study of pathogenesis in BXD strains [13].
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Mice were inoculated with IAV intranasally in 30 μl
of sterile PBS after sedation with Avertin (2,2,2tribromoethanol, Sigma-Aldrich, MO, USA). To assess
morbidity and mortality after HK213 virus infection, animals were weighed every second day until 21 days postinfection. Animals that lost more than 30% of their initial
body weight were sacrificed per approved animal protocol.
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analysis [51]. Winsorization did not affect the outcome of
the analysis and the same significant and suggestive loci
were identified. In general, an LRS (likelihood ratio statistics) value greater than 17.7 was significant (P genomewide <0.05) whereas a value between 12 and 17.7 was
suggestive. For this study we focused on suggestive loci
that were nearly significant and identified in two or more
pro-inflammatory cytokine QTL analysis.

Lung virus titer and cytokine analysis

Lungs from B6, D2, and BXD strains infected with 104
EID50 were obtained 2 days after infection and immediately homogenized in 2.0 ml tubes containing 1.0 ml
PBS and a stainless steel ball for two 30-sec periods at
30 Hz (TissueLyzer, Qiagen). After a 30-sec spin at
16,000 × g, the supernatant was collected, aliquoted, and
stored at –80°C. Virus titers were determined on MDCK
as described previously [13]. The concentrations of chemokine (C-C motif ) ligand 2 (CCL2) and tumor necrosis
factor-alpha (TNFα) in the lung homogenates of infected
animals were determined using Quantikine kits from
R&D Systems (Minneapolis, MN). The concentration of
interferon (IFN)-α was determined with the IFN-α
ELISA kit from PBL laboratories (Piscataway, NJ). The
average values for each BXD strain represent data from
2 to 10 cases per strain (average =5.2) with 16 of the 44
BXD strains repeated independently (Additional file 2:
Table S1). The data for D2 and B6 are the average of 13
and 15 cases, respectively, obtained from four independently repeated experiments. To control for inter-ELISA
assay variation, a fresh aliquot of pooled lung homogenates of HK213 virus infected D2 and B6 mice was analyzed in each cytokine ELISA. The values for CCL2,
TNFα, and IFN-α in the pooled sample varied no more
than 15% from the average of all performed assays.
QTL mapping

Quantitative trait loci (QTL) mapping was performed using
the WebQTL module of GeneNetwork (www.genenetwork.
org). Interval mapping evaluates a potential QTL at regular
intervals and estimates the significance at each location by
using 2000 or more permutation tests [48,49]. Mapping
was done using data from 44 BXD RI strains for CCL2 and
TNF-α and 43 strains for IFN-α concentration in whole
lung homogenates after infection with H5N1. For the
original data set, see www.genenetwork.org (ID numbers
12971–12973). Loci associated with increased production
of pro-inflammatory cytokines were identified and are referred to here as Qivr (QTL for influenza virus resistance).
The QTL boundaries were defined as a drop in peak LRS
of 7 as this is considered the best approximation of a 95%
confidence interval in QTL mapping [50]. To reduce the
potential effects of outliers on the mapping outcome we
also performed the QTL analysis after winsorization; a
technique to reduce the effects of outliers on statistical

DNA sequencing of candidate genes

Candidate host genes were amplified by PCR using cDNA
generated from RNA extracted from HK213 virus-infected
lung tissue obtained from B6 and D2 strains. The cDNA
was generated using gene-specific primers and Superscript
III First-Strand Synthesis System (Invitrogen) according to
the manufacturer’s protocol. For a list of primers see
Additional file 3: Table S2. Following PCR using the
Phusion polymerase protein (Finnzymes), the PCR products were excised from a 1.0% agarose gel and submitted
for DNA sequencing (Hartwell Center at St. Jude Children’s
Research Hospital) using gene-specific primers. The sequences were aligned and compared to the NCBI reference sequence. The murine candidate genes that were
fully sequenced included: Pon1 (NM_011134.3), Pon2
(NM_183308.2), Pon3 (NM_ 173006.1), Samd9l (NM_
010156.3), Ica1 (NM_010492.3), Hepacam2 (NM_178899.5),
Slc25a13 (NM_015829.3), Asb4 (NM_023048.5), Ccdc132
(NM_024260.5), C1galt1 (NM_052993.3). Col28a1 (NM_
001037865.1) was partially amplified and sequenced around
exon 16–18 to confirm an in-frame deletion.
Statistical analysis

Statistical analyses of differences in mortality were
determined by using the log-rank test. Differences in
morbidity and CCL2 production between control and
Slc25a13-/- animals were analyzed for statistical significant using Student’s t-test. The Student’s t-test was also
used to analyze differences in cytokine concentration in
lung homogenates between the different mouse strains
or between HK213-infected and mock-infected samples.
The Pearson product-moment correlation coefficient
was determined for cytokine concentration and virus titer
using GraphPad Prism 6 software on untransformed data.

Additional files
Additional file 1: Figure S1. Kinetics of IFN-α production following H5N1
influenza virus infection in DBA/2J and C57BL/6 mice. DBA/2J and C57BL/6J
were inoculated with 104 EID50 of HK213 virus in 30 μl PBS. Twenty-four, 48
and 72 hours post inoculation the lungs of the inoculated animals were
collected, homogenized in sterile PBS, and stored at -80°C. The concentration
of IFN-α in these homogenates was quantified by ELISA.
Additional file 2: Table S1. TNF-α, IFN-α and CCL2 concentrations in
lung homogenates of the recombinant inbred BXD animals. BXD mice
were inoculated with 104 EID50 of HK213 virus in 30 μl PBS. Forty-eight
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hours post inoculation the lungs of the inoculated animals were
collected, homogenized in sterile PBS, and stored at -80°C. The
concentration of TNF-α, IFN-α and CCL2 in these homogenates was
quantified by ELISA.

Page 10 of 11

9.

10.
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